Agrobacterium tumefaciens, the causative agent of crown gall disease in plants, has been the subject of intense molecular and genetic study for the past decade. This organism has the unique ability to transfer to target plant cells a short piece of DNA normally contained on a large virulence element, the Ti plasmid. This segment, called T-DNA, becomes integrated into plant chromosomal DNA, and expression of T-DNA genes results in the transformation of the plant cell to a crown gall tumor cell (reviewed in reference 2). Determinants involved in processing and transferring the T-DNA are also located on the Ti plasmid in a second region called vir (24, 40) .
A number of genetic studies with Agrobacterium have involved the trans complementation of chromosome-or Ti plasmid-located mutations with overlapping recombinant clones. To ensure that any observed complementation activity occurs strictly in trans requires the use of hosts deficient in recombination functions. Such a recombination-deficient Agrobacterium strain, LBA4301, was isolated following mutagenesis with UV light (25) . Although the nature of the rec lesion in this strain has not been characterized, it is the only such Agrobacterium mutant available and is widely used for genetic analyses.
Strain LBA4301 derives from the tumorigenic octopinetype strain Ach5 (25) . However, most genetic and molecular analyses of Agrobacterium spp. have used strain C58 or its Ti plasmid-cured derivatives such as strains (47) , A136 (47) , and C58C1 (46) . These include not only analysis of Ti plasmid mutations, but also the generation and analysis of chromosomal mutations affecting tumorigenicity (9, 10, 30) . The C58 lineage is also preferred because such strains are transformable (21) , many auxotrophic mutants have been isolated (22, 32) , a chromosomal map has been constructed (22, 32) , and strains are available that contain no plasmids (23, 41) . Strain Ach5, on the other hand, is poorly transformable and has very few useful mutants, no chromosomal map, and no completely plasmidless derivatives.
Strain LBA4301 remains tumorigenic, suggesting that the mutated recombination function is not required for pathogenicity (25) . However, the rec lesion in LBA4301 could not be complemented with a clone encoding a putative Agrobacterium recA gene (31) . Thus, it is unclear whether tumorigenicity is dependent upon recA function. For these reasons, and also for some of our studies on Ti plasmid conjugation, it was necessary for us to isolate a well-characterized recombination-deficient mutant in the C58 background. To do this, we followed the strategy of cloning and characterizing the strain C58 recA gene, mutagenizing this determinant, and using this altered gene to construct a stable recA mutant by homogenotization (42 was used as the rich solid medium. AB minimal glucose medium (5) or AT minimal medium supplemented with 0.15% (NH4)2SO4 and nopaline (2 mg/ml; Sigma Chemical Co.) as the sole carbon source (38) was used for the growth of Agrobacterium strains, while EC minimal glucose medium containing auxotrophic growth requirements as necessary (36) was used for the growth of E. coli. For plates, AB and EC minimal media were solidified with agar (Difco Laboratories) at 1.5%. When nopaline was used as the sole carbon source, AT minimal medium was solidified with 1.5% Agar Purified (Difco). Sensitivity to methanesulfonic acid methyl ester (MMS; Sigma) was determined on freshly prepared NA plates containing the alkylating agent at a final concentration of 0.01% (vol/vol).
UV irradiation. Sensitivity to UV light was assayed by determining culture viability following irradiation with 258-nm light from a GE germicidal lamp in a specially constructed light box (27) . Dose rates were determined by using a UV Products UVX UV radiometer. All irradiations and subsequent dilutions, platings, and incubations were conducted in the dark or under red light to prevent photoreactivation.
Bacterial matings. Triparental matings with pRK2013 were performed as described by Ditta et al. (8) . Matings with Ti plasmid donors were conducted directly on solid selective medium as follows. An overnight culture of the recipient strain was washed once with 0.9% NaCl and resuspended to about 109 cells per ml, and a 0.1-ml sample was confluently spread over the surface of a plate containing selective medium. Parallel to this, an overnight culture of the donor containing the Ti plasmid to be transferred was washed once and suspended in 0.9% NaCl as above. Tenfold dilutions of the donor cell suspension were prepared, and 10-pdl samples were spotted onto the surface of the plate containing the recipient. As a control, 10-,ul samples of the donor were also spotted onto the surface of uninoculated selection plates. Hayman and Farrand (18) . Expression of the lacZ gene resulting from transcriptional or translational fusions was assessed in strain HB101 on NA plates containing X-Gal (5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside) at 40 iJg/ml. DNA isolations. Plasmid DNA was isolated and partially purified from 1.5-ml Agrobacterium cultures as described by Farrand et al.' (13) . The miniprep and large-scale alkaline procedures described by Maniatis et al. (29) were used to isolate plasmid DNA from E. coli strains. Ti plasmids were isolated from Agrobacterium strains by the procedure of Casse et al. (4) and purified as described by Farrand et al. (12) . High-molecular-weight genomic DNA was prepared from Agrobacterium strains as described by Hamada and Farrand (17) . DNA analysis. Plasmid or genomic DNA samples were digested to completion with restriction endonucleases and analyzed by agarose gel electrophoresis as described previously (13) . Sau3A partial digests of genomic DNA were prepared by diluting the enzyme to a point where its activity after 1 h of incubation at 37°C resulted in a distribution of molecules with a mean size of 25 to 35 kilobases (kb), as judged by electrophoresis in agarose gels with appropriate linear size standards. Chromosomal inserts in cosmid clones were mapped by sequential double digestions essentially as described by Slota and Farrand (44) . Sites of Tn3HoHol insertions were determined as described by Hayman and Farrand (17) .
Recombinant DNA methods. Fragments of interest were ligated into appropriate cloning vectors as described by Maniatis et al. (29) . Size-specific Sau3A-generated fragments of genomic DNA were ligated into the phosphatasetreated cosmid vector pCP13/B and cloned following packaging in bacteriophage X as described by Dessaux et al. (7) .
Southern hybridizations. DNA digestions, electrophoreses, and transfer to nitrocellulose membranes were performed as described by Slota and Farrand (44) . Hybridization probes were labeled with 32P by nick translation or by random primer extension with kits from Boehringer Mannheim or Amersham Corp. Southern hybridizations were performed at high stringency as described previously (44) .
Tumorigenicity assays. Agrobacterium strains were assayed for tumorigenicity on tomato seedlings and Kalanchoe leaves as described previously (12) .
RESULTS
Preparation of a strain NT-1 cosmid clone bank. A Sau3A-generated genomic library of strain NT-1 was prepared in the broad-host-range cosmid vector pCP13/B. This Ti-plasmidless derivative of strain C58 is wild type with respect to known chromosomal functions, contains no introduced antibiotic resistance traits, and harbors only the large cryptic plasmid, pAtC58, common to most C58 strains. The library consists of about 2,000 tetracycline-resistant cosmid transductants in E. coli HB101. The integrity and usefulness of the library were assessed by physical and genetic methods. First, restriction endonuclease analysis of plasmid DNA isolated from 20 randomly chosen transductants showed that each represented the vector containing additional inserted DNA. As judged by electrophoresis in agarose gels, each plasmid contained an apparently unique insertion in the size range of 20 to 30 kb (data not shown).
Second, the bank complemented several E. coli mutations, including leuB6 and proA2 of strain HB101 and manA (15) (8) . This plasmid, called pSOM303 (Fig. 1) , conferred levels of MMS and UV resistance on strain HB101 indistinguishable from those conferred by pSOM301 (data not shown). The XhoI D fragment was also cloned into the Sall site of pBR322, generating pJM52.
Complementation of E. coli recA. pJM52 was tested for its ability to complement the recombination functions of an E. coli recA mutant. As shown in Table 2 , this plasmid restored chromosomal recombination functions in the recA deletion mutant JC10289 to levels similar to those with pJC859. Furthermore, coinheritance of unselected markers was similar in the two complemented recipients (data not shown).
The lytic cycle of bacteriophage P1 is dependent upon host recA functions (6) . When strain HB101 was infected with P1 vir, no plaques were detected. However, when HB101 (pJC859) was tested, the efficiency of plating was essentially the same as that with the Rec+ strain C600 (data not shown).
The Agrobacterium recA-complementing plasmids pSOM100 and pSOM303 restored P1 vir plating efficiencies on strain HB101 to levels similar to those of strains C600 and HB101(pJC859) (data not shown).
Analysis of the Agrobacterium recA gene. The position of the recA gene on XhoI fragment D in pSOM303 was determined by mutagenesis with the lacZ fusion transposon Tn3HoHol. Six clones were identified in which the insertions had abolished the UV-, MMS-, and P1 vir-complementing functions (Fig. 2 and data not shown) . The insertions defined a 1.3-kb region in the center of the XhoI D fragment (Fig. 2) into NT-1. For marker exchange, the recA gene on pSOM303 was mutagenized by inserting an erythromycin resistance cassette from pR29 (34) into the single ClaI site located in the middle of the locus ( Fig. 1 and 2) . The resulting plasmid, pSOM304, conferred high levels of resistance to erythromycin on strain NT-1. Disruption of the recA gene by the cassette abolished complementation of the HB101 recA mutation for UV resistance (data not shown), recombination (Table 2, pJM54), and P1 vir propagation (data not shown).
To ensure sufficient homology for recombination on each side of the cassette, the mutated recA gene was exchanged into pSOM100, the original cosmid clone (Fig. 1) . The Rec+ E. coli strain RR1, containing both pSOM100 and pJM54, was constructed, and plasmid DNA from this strain was isolated and used to transform strain NT-1 to erythromycin resistance. About 20 transformants were obtained, and each was screened for resistance to carbenicillin. This trait is encoded by the pBR322 vector of pJM54, which cannot replicate autonomously in Agrobacterium spp. Three transformants exhibited resistance to tetracycline and erythromycin but sensitivity to the r-lactam. Restriction endonuclease analysis showed that in each of these, the mutated XhoI fragment of pJM54 had been marker exchanged for the wild-type fragment in the pSOM100 insert (data not shown). The one such plasmid tested, called pJM75, no longer complemented the recA phenotype of strain HB101 (data not shown).
The mutant recA gene in pJM75 was homogenotized into strain NT-1 by using pPHlJI as the eviction plasmid (42) . Several Eryr Tcs candidate recA mutants were colony purified and found to be sensitive to MMS. Southern hybridization analysis of total genomic DNA from three such isolates showed alterations in the 4-kb XhoI fragment (Fig. 3) . In wild-type strain NT-1 (lane 3), this fragment showed a mobility identical to that of the recA XhoI fragment in pSOM100 (lane 1). However, in the three candidate mutants, the position of the hybridizing fragment was shifted upward (lanes 4, 5, and 6) and comigrated with the recA::Eryr fragment of pJM75 (lane 2). There was no detectable hybridization to a 4-kb fragment in DNA from the mutants, indicating that the wild-type recA gene has been lost by exchange with the mutant allele; nor was there any detectable homology with pBR322 vector sequences, demonstrat- ing that this plasmid is absent from the mutant. One of these candidate recA mutants, called UIA140, was selected for further analysis.
pPHlJI was cured from UIA140 by introducing the incompatible plasmid pVK102 (26) . Kanamycin-resistant transformants all gained resistance to tetracycline but became sensitive to gentamicin, indicating the loss of pPHlJI. The unstable pVK102 was then cured from the strain by growth in the absence of selective antibiotics. One Kms Tcs colony, called UIA143, harbored only pAtC58, as assessed by agarose gel electrophoretic analysis of partially purified plasmid DNA (data not shown).
Characteristics of UIA143. Strain UIA143, like its progenitor, UIA140, remained resistant to erythromycin and sensi- tive to MMS (data not shown). As shown in Fig. 4 , the homogenote was extremely sensitive to UV light.
The recombinational properties of strain UIA143 were tested by determining the ability of two plasmids sharing large regions of homology to form a cointegrate. pSVB125, a derivative of pTiC58Trac containing a Tn.5 insertion in the nopaline catabolic locus (noc), was transformed into strains UIA143 and NT1-E. Kanamycin-resistant transformants of both strains became tumorigenic on tomato stems and Kalanchoe leaves but failed to utilize nopaline as a sole carbon source (data not shown). Into these two strains was introduced pTHB63, a cosmid clone containing a large nocencoding insert from pTiC58 (18) . This plasmid is neither self-conjugal nor mobilizable by pTiC58Trac (D. Cook and S. K. Farrand, manuscript in preparation). These two strains were then mated with strain C58C1RS. Upon kanamycin selection, which measures transfer of the Ti plasmid, both donors produced transconjugants at equal frequencies (Table 3) . However, selection for nopaline catabolism, resulting from recombination between pSVB125 and pTHB63, yielded detectable transconjugants only in matings with the NT1-E donor. No such recombinants were obtained in matings with the UIA143 donor ( Table 3) .
The stability of the recA mutation in UIA143 was assessed by screening for loss of the erythromycin marker or reacquisition of resistance to MMS following extended growth in nonselective medium. Of 1,000 individual colonies tested following unselected growth, all retained markers associated with the recA mutation. Similarly, bona fide MMS-resistant revertants were not detected when about 109 CFU of UIA143 grown in the absence of erythromycin were spread onto NA plates containing the alkylating agent (data not shown).
Complementation of the rec mutation in LBA4301. Although strain LBA4301 is deficient in recombination (25) , the nature of the rec defect in this mutant is not known. We tested the ability of the cloned C58 recA gene to complement this mutant for DNA repair functions. Figure 4 shows that, while strain LBA4301 was extremely sensitive to UV irradiation, the samne strain containing pSOM303 was considerably more resistant, exhibiting survival kinetics similar to that of the Rec+ strain NT-1. The recA plasmid also conferred MMS resistance on strain LBA4301 (data not shown).
Characterization of the recA locus in other agrobacteria. The relatedness of recA genes in various agrobacterial isolates was determined by hybridizing radiolabeled pJM52 to Southern blots of genomic DNA digests from representative biovar 1, biovar 2, and biovar 3 strains. The probe displayed homology with DNA from strains Bo542, B6806, A6, 15955, K84, J73, K305, and NT-1, although restriction fragment length polymorphisms (RFLPs) were apparent (data not shown). (Fig. 4) cin. In addition, the erythromycin resistance cassette inserted in the recA gene provides a useful genetic marker for working with strain UlA143. It is interesting that this resistance determinant, which is of gram-positive origin (34) , is expressed well in Agrobacterium spp. but not in E. coli.
The availability of the cloned recA gene allowed us to examine the general level of relatedness at this locus among agrobacterial isolates representing the three major biochemically defined taxonomic groups. Although RFLPs were apparent (data not shown), interesting groupings could be detected. For example, the three biovar 1 strains A6, 15955, and Bo542 were indistinguishable at the recA locus. Strains A6 and 15955 both contain octopine-type Ti plasmids but were isolated from different parts of the United States (43) .
Strain Bo542 harbors an agropine-type Ti plasmid and was isolated in Germany (43) . Another biovar 1 strain, B6806, also contains an octopine-type Ti plasmid but clearly differed from the other octopine-type strains at the recA locus. Strain C58 is a nopaline-type biovar 1 strain (43) and was unique at the recA locus within the group tested. The two biovar 2 strains, K84 and J73, were indistinguishable at the recA locus but differed from all of the biovar 1 isolates. Strain K84 is a nonpathogen and was isolated in South Australia (35) , while strain J73, a tumorigenic strain, is from South Africa (48) . The single biovar 3 strain, K305, presented a hybridization pattern unlike that seen with any of the other isolates. These limited analyses suggest that RFLP differences at the recA locus may be useful in defining relationships between various Agrobacterium isolates.
